Resistance to imatinib during the treatment of chronic myeloid leukaemia (CML) is frequently associated with point mutations in the ABL gene encoding the ATP binding region likely to cause disease relapse. Early diagnosis and monitoring of these mutations may be important in order to prevent rapid expansion of resistant clones. We describe a quantitative mutationspecific PCR assay based on the readily available Taqman platform. Selectivity for the mutated target is conferred by mutation-specific primers destabilised by additional mismatches. The assay can be carried out in parallel to standard BCR-ABL quantification and is therefore more quickly compared to standard sequencing procedures. The sensitivity of the assay reaches 0.1%. It also allows for quantitative assessment of mutated clones. By analysing sequential samples of resistant subjects, we show how mutated clones were selected, maintained or deselected depending on the individual treatment setting. The high sensitivity and practical merits of this method makes it a good candidate for prospective molecular surveillance of patients at high risk for imatinib resistance.
Introduction
Chronic myeloid leukaemia (CML) is a proliferative stem cell disorder characterised by the presence of the Philadelphia (Ph) chromosome, which contains the chimaeric BCR-ABL fusion gene encoding a constitutively active tyrosine kinase. 1 Targeted inhibition of BCR-ABL protein by imatinib, a tyrosine kinase inhibitor, induces cytogenetic remission in substantially more patients than previous therapies, such as interferon alpha. 2 Thus, imatinib is now the preferred drug for all phases of CML. However, point mutations in the kinase domain of the BCR-ABL gene have been shown to induce resistance to imatinib treatment [3] [4] [5] [6] [7] [8] and therefore are regarded as adverse prognostic factors. 4, 6, 7 In particular, leukaemic cells with mutations in the region of the ABL gene encoding for the P-Loop are linked to rapid evolution of blast crisis when patients are treated with imatinib. 4, 7 The standard strategy to identify patients at risk of developing resistance is to monitor blood BCR-ABL transcript levels. 9, 10 In addition, identification and monitoring of mutated clones could be directly beneficial, as their existence is associated with the development of drug resistance. 4 Standard procedures like sequencing of the ABL kinase domain are cumbersome and insensitive. 7 To increase sensitivity, subcloned PCR products have been sequenced. Nevertheless, this requires sequencing of high numbers of clones to reach definitive conclusion. 7, 11 PCR products can also be analysed for mutations using denaturing high-performance liquid chromatography (D-HPLC). 12, 13 This method determines the presence of a mutation, but unlike sequencing, does not identify the actual mutation. 13 Assays targeting known mutations are more sensitive, but depend either on existence of restriction sites or allele-specific primer annealing. 6, 14 Based on the amplification refractory mutation system, 15 we have developed a reverse transcriptase, quantitative PCR assay for detection of mutated clones (qPCR MUT ), a sensitive and practical PCR-based technique for detection and monitoring of selected key mutations associated with imatinib resistance. We propose that targeted screening and quantification of BCR-ABL mutants should be a part of standard molecular surveillance of high-risk CML patients.
Materials and methods

Patients and preparation of samples
The regional committee for medical research ethics approved the study and all patients signed an informed consent. BCR-ABLpositive blood samples sent to our laboratory for BCR-ABL mRNA quantification were examined for the existence of imatinib resistance-associated mutations. For the standard mutation analysis, total RNA was isolated from 10 7 peripheral blood mononuclear cells (PBMC) using the Qiagen RNeasy kit (Qiagen GmbH, Hilden, Germany). RNA (1 mg) was routinely transcribed into cDNA using polyT primers and Superscript II reverse transcriptase following the manufacturer's instruction (Invitrogen, Carlsbad, USA). The samples were assessed for quality by analysing the ABL copy count. A total of 64 samples from 39 subjects, amplifying ABL before cycle 30 in the real-time PCR assay, were included in the study. For negative controls, RNA isolated from PBMC of healthy blood donors was used.
Design of primers and probes used in the study
The assay is based on detection of mutated clones in RNA templates transcribed to cDNA. Mutated clones were analysed by real-time PCR using the Taqman chemistry (Applied Biosystems, Foster City, CA, USA), and the selectivity for detection of mutated clones was conferred by the amplification refractory mutational system (ARMS). 15 We denote the assay as qPCR MUT . Clinically important point mutations are clustered around the codons for the P-Loop and the amino acids 315 and 351. 7 Gene-specific forward primers and probes complementary to sequences immediately upstream of these three mutational clusters were designed (Table 1 ). In all, 11 allelespecific reverse primers with a 3 0 -end complementation to the mutated nucleotide were designed, targeting 11 different point mutations in the ABL gene. Additionally, we destabilised the mutation-specific primers by introducing noncomplementary nucleotides near the 3 0 -end in order to minimise background signals that originated from misannealing of the mutationspecific primer to the wild-type template (background amplification).
Optimisation of the qPCR MUT assay
The different primer/probe combinations were tested by amplifying cDNA samples of patients containing mutated clones found by sequencing. To evaluate the degree of background amplification, cDNA from healthy blood donors was analysed using the same assay. The cDNA quality of these controls was in the same range as the patient samples (data not shown). The primer/probe combination resulting in the greatest difference in C T values (cycle threshold, DC T ) between wild-type and mutated genes, as determined by real time PCR, was chosen for the assay (Supplemental Figure 1 illustrates the development of the Y253H assay using samples from a Y253H-positive patient and healthy blood donors). For mutations, where patient samples were not available, we analysed a 10-fold dilution of mutated plasmids in wild-type plasmids (10 6 copies/ml) and chose the mutation-specific primers with maximal DC T . In our experience, T-G or A-C mismatches in position n-3 to n-5 performed best regarding selectivity and sensitivity for the mutated template.
Determination of the cutoff value
For the purpose of cutoff determination, we analysed cDNA samples of five individual blood donors using the mutationspecific assay and calculated a cutoff threshold on the level of C T values. The curve with lowest C T value, as analysed in these five samples minus a margin of one C T , was used as a threshold for the determination of positive samples on the C T level (cutoff C T ). Since the degree of amplification of normal cDNA by the mutational assay also depends on the samples' overall cDNA quality, we also calculated a cutoff ratio by transferring C T values from the analysis of the background amplification and the housekeeping gene of normal cDNA into copy number. Then we calculated a ratio consisting of copy number 'background amplification' divided by copy number housekeeping gene, multiplied by 100. In some mutation-specific assays, the background amplification rate was quite modest (amplification curves beyond cycles 40). In these cases, a copy number corresponding to cycles 40 was used in the calculation of the cutoff ratio. Results from the analysis of unknown samples were compared to the established C T cutoff as well as to amplification curves derived from analysis of normal cDNA on each plate. In addition, ratios from analysis of unknown samples were related to the cutoff ratios. In cases where results on the C T and ratio level were close to the established cutoff, new samples of the same patient were analysed after 1-2 months. If the new analysis distinguished the amplification curve/ratio more clearly from the background, confirming a selection of the mutated clone on imatinib treatment, the samples were considered positive.
Absolute quantification of BCR-ABL and ABL copy count BCR-ABL and ABL mRNA transcripts were analysed quantitatively by reverse transcriptase real-time PCR using Taqman probes and primers as described in Gabert et al 16 and BCR-ABL fragments containing plasmid dilutions. Results were expressed as a ratio of BCR-ABL copy count divided by ABL copy count in order to normalise for variations in the reverse transcription process.
Absolute quantification of mutated templates
A 1293 bp large cDNA fragment containing BCR and ABL sequences was amplified by PCR using primers listed in Supplemental Table 1 and cloned into a TOPO TA vector (Invitrogen). In all, 11 different mutants were produced by sitedirected mutagenesis following the manufacturer's instructions (Stratagene, La Jolla, CA, USA). Copy numbers of linearized plasmids were calculated after measurement of the OD at 260 nm. Dilutions (10-fold) containing 10 6 to 10 1 copies/ml were analysed using the qPCR MUT assay. The resulting C T values were plotted against log plasmid copy number. Slope and y-intercept values from these standard curves were used for the calculation of absolute copy number as follows: copy number (mutated clone)/40 ng RNA ¼ (C T unknown sample Ày-intercept standard curve / slope standard curve ). Analogous to the BCR-ABL/ABL ratio, we normalised the result for variations in the reverse transcription step by dividing copy number of mutated BCR-ABL by copy number of ABL. 1128A4T  E255V  CACACGCCCTCGTATACCA  104  315  1308C4T  T315I  TGCAGTCATGAAAGAGATCAAA  TCCCGTAGGTCATGAATTCAA  104  351  1416T4C  M351T  GAACGCCGTGGTGCTGCT  TTTCTTCTCCAGGTGCTCCG  67 The following probes were used in combination with the primers denoted above (5 0 -FAMyTAMRA-3 0 ): AAGTGGGAGATGGAACGCACGGAC for the P-Loop cluster, ACCCTAACCTAGTGCAGCTCCTT for the 315 cluster and TACATGGCCACTCAGATCTCGTCA for the 351 cluster. a Underlined nucleotides denote mismatches introduced in order to increase selectivity for the amplification of mutated alleles.
Quantification of mutated Bcr-Abl clones FXE Gruber et al qPCR MUT conditions
A measure of 2 ml of patient cDNA equivalent to 40 ng of RNA were analysed using the mutation-specific primers. The qPCR assay was run on an Abi Prism Sequence detection system 7900 using standard Taqman PCR conditions (501C-2 min, 951C-10 min, 45 cycles at 951C-15 s and 601C-1 min) and the Universal Taqman PCR master mix (Applied Biosystems, Foster City, CA, USA).
Sequence analysis of the BCR-ABL kinase domain
The BCR-ABL kinase domain was isolated by PCR using BCR-ABL-specific primers (Supplemental Table 1 for primer sequences). In a subsequent PCR step, an aliquot (1:1000 diluted template from the first PCR reaction) was subjected to amplification of the cDNA sequence encoding the kinase domain, as described by Hochhaus et al. 6 The resulting template including the Abl kinase domain was sequenced in both directions using Big Dye chemistry (Applied Biosystems).
Results
Characterisation of the mutation-specific PCR assays
An example of setting up a qPCR MUT analysis is presented in Supplemental Figure 1 illustrating how the real-time platform can be used for rapid evaluation of ARMS PCR assays. Primers amplifying almost exclusively the targeted mutated clone could be designed for all of the 11 mutations. The amount of background amplification was in most of the mutations restricted beyond cycles 40. A higher background amplification and lower sensitivity, probably due to the extraordinary CG richness in this region, was accepted for some P-Loop mutations. However, using the ARMS PCR rules, mutationspecific assays of reasonable sensitivity could be designed for the P-Loop mutations so as to selectively amplify mutated BCR-ABL over a 3 log range (sensitivity 0.1%, Table 2 ). As illustrated in Supplemental Figure 2 for the analysis of the Y253H-mutated clone, analysis of 10-fold diluted linearised plasmid standards were used to characterise the individual assays. A linear amplification was observed over six orders of magnitude from 10 6 to 10 1 copies in all assays. The C T value corresponding to amplification of one copy (Y-intercept) was in all cases within a reproducible range of real-time PCR analysis ( Table 2 ). All assays were close to 100% effective, as evaluated by slope values derived from the analysis of plasmid standards ( Table 2) .
Evaluation of inter-and intra-assay variability
A cDNA sample of a patient known to contain a G250E mutated clone coexisting with the wild-type BCR-ABL was analysed in five replicates on three occasions for testing of the reproducibility of the mutation-specific real-time assay. The intra-assay variability of the G250E detection on the C T level was 0.64% and the interassay variability was 1.27%. The ABL housekeeping gene analysis was run on the same plates; calculating variation based on ratios resulted in 14% intra-assay and 25% inter-assay variation.
Evaluation of sensitivity
The sensitivity of the assays for the 11 different mutations was determined. First, we calculated a ratio consisting of copy number background amplification and copy number housekeeping gene as described above for each of the 11 mutations. This threshold defines the lowest copy number of RNA in mutated cells normalised for cDNA quality that can be distinguished from background amplification (cutoff ratio). We also serially diluted mutated plasmids in a buffer containing 10 6 wild-type copies/ml in a second experiment testing the ability of the system to discriminate between mutated and wild-type BCR-ABL. The qPCR MUT approach was able to discriminate 10 3 to 10 4 mutated plasmids/ml diluted in a buffer containing 10 6 wildtype plasmids/ml (sensitivity 1-0.1%, Table 2 and Supplemental Figure 3 ). In a third experiment, we diluted patient samples containing a mutated clone 10-fold in wild-type BCR-ABL cDNA from a patient never treated with imatinib (1:1 until 1:1000). The dilutions were analysed both by sequencing and qPCR MUT allowing for a direct comparison of these methods. Three different samples containing mutations 1113G4A (G250E), 1121T4C (Y253H) and 1416T4C (M351T) were tested. By sequencing, the mutated clones could be detected in dilutions 1:10, 1:5 and 1:2, respectively, resulting in a sensitivity of 10% (G250E), 20% (Y253H) and 50% (M351T). Yet, using the qPCR method the mutations could be detected at 1:1000 dilution for all three variants (Table 3) , confirming a reproducible sensitivity of 0.1-1% for this approach in patient samples.
Clinical validation of the assay
For the purpose of clinical validation, the described qPCR MUT assay was used for analysis of CML and Ph þ ALL patients, who showed characteristics of suboptimal imatinib treatment. At the same time, the ATP binding region was sequenced in all samples. The cohort included imatinib-treated, Ph þ patients, who had signed informed consent and met one of the following requirements: (i) suboptimal response to treatment in terms of BCR-ABL reduction of o3 log after treatment duration of minimum 6 months or (ii) any increase in BCR-ABL ratio or (iii) haematologic relapse. In total, 39 subjects were screened. As listed in Table 4 , 12 individual mutated clones were discovered in 11 subjects by the targeted qPCR MUT assay. In one individual, the assay detected two mutated clones (M351T and Y253H), whereas sequencing only detected the M351T mutation. The finding of two independent clones was confirmed by cloning of the Bcr-Abl kinase domain and sequencing of individual clones (data not shown). Sequencing did not uncover further mutations within the ATP binding region, pointing out that the test panel contained the clinically most important mutations.
Sequential monitoring of mutated BCR-ABL clones
In five subjects, we were able to analyse sequential samples. Mutated clones discovered in the screening analysis were followed by sequencing and qPCR MUT in samples taken before, during and after imatinib resistance developed. A total of 30 samples were analysed. In eight of these 30 samples mutations were found by qPCR MUT , but not by sequencing (samples marked by À! in Figure 1a -e). In these samples, the sensitivity of the single-step, targeted procedure was superior to the nested PCR-based sequencing approach. In one subject of a Ph þ ALL patient, we could even detect a Y253H-mutated clone before the onset of imatinib treatment (Figure 1a) . Figure 1 illustrates the kinetic development of six individual mutated BCR-ABL clones (G250E Â 1,Y253H Â 3 and M351T Â 2) vs total BCR-ABL during the disease course of one ALL (Figure 1a ) and four CML patients (Figure 1b-e) . The observation period varied between the cases from 7 (case A) to 50 months (case C). Table 4 gives an overview on relevant clinical data and disease features. Quantitative analysis in cases A, B and E demonstrates a rapid selection of the mutated clones upon imatinib treatment followed by a parallel increase in total tumour burden as shown by an increase in the BCR-ABL ratio. This observation points out that these clones are the actual cause for disease relapse. The M351T-mutated clone presented in Figure 1e increases in a similar way when exposed to imatinib 400-mg daily. However, after dose increase to 600 mg, ratio values for the mutated clone and total BCR-ABL declined slightly, indicating that the M351T clone is sensitive to increased doses of imatinib. Cases A and B progressed into a terminal disease phase at the end of the observation period, whereas case E still was in haematological remission at that time (Table 4 ). The corresponding sequencing data confirm that the mutated clone takes over total BCR-ABL during the selection by imatinib, but this technique is generally less sensitive than the qPCR MUT and not quantitative. In Figure   Table 3 Sensitivity of mutation-specific ARMS analysis vs sequencing as evaluated by dilution of patient samples Quantification of mutated Bcr-Abl clones FXE Gruber et al 1c and d, we present quantitative data on the development of a G250E, Y253H and M351T clone after cessation of imatinib treatment. Both patients received busulphane after resistance to imatinib was diagnosed. In case D, one sample was further analysed for BCR-ABL and the mutated clones before the patient died in a complication as a result of sepsis, whereas case C was repeatedly monitored over a period of 50 months. Measurements of total BCR-ABL and sequencing of the kinase domain in case D demonstrates conflicting data, which were difficult to understand. At the time of resistance (first sampling), we detected two individual mutated BCR-ABL clones in addition to wild-type BCR-ABL, a dominating M351T and small amounts of Y253H. At 6 months after withdrawal of imatinib and during treatment with busulphane, the P-Loop clone had taken over the majority of BCR-ABL-positive cells, whereas the M351T was almost 2 log factors reduced and no longer detectable by sequencing. Branford et al 4 recently showed that P-Loopmutated clones preferentially caused relapse in the first year of imatinib treatment, whereas other mutations, for example, M351T, relapsed in the second and third year of treatment. Thus, in our case, the M351T mutation may have existed at the onset of imatinib treatment. The delayed selection of the Y253H mutation suggests that this clone occurred during imatinib treatment. These data point out that busulphane has an impact on the mutated clones. In particular, the overall proportion of the Y253H clone in relation to tumour burden increased upon Figure 1 (a-e) Longitudinal, quantitative monitoring of total BCR-ABL and mutated BCR-ABL clones in five subjects presenting features of imatinib resistance (case A: ALL (denoted as case #1 in Table 4 ), cases (b-e): CML (cases #2-#5 in Table 4) ). Filled circles denote MRD (ratio BCR-ABL/ABL (%)), and open circles denote the corresponding ratios for the mutated clones. Sequencing data are expressed as: À for not detected and þ for detected. The À! symbol shows samples where mutations were detected by the qPCR MUT , but not by sequencing. Treatment modalities are described by horizontal arrows in the lower part of the figures. The stippled line below denotes the detection limit for mutational analysis (qPCR MUT ).
busulphane treatment. A similar observation was made in case C where the detected G250E-mutated clone fluctuated over 2 log factors upon repetitive withdrawal and reinitiation of busulphane therapy, whereas total tumour burden was rather stable in that period. We interpret the data illustrated in Figure 1c and d as a shift between unmutated and mutated BCR-ABL cells dependent on the treatment setting. It seems that busulphane selects for the G250E, whereas treatment-free periods deselect the mutated clone in favour of unmutated BCR-ABL.
Discussion
This paper describes the qPCR MUT method, which is a new analytical approach for sensitive detection and quantitative monitoring of BCR-ABL mutations associated with resistance to imatinib. The assay targets the most important mutations representing more than 70% of all described patient cases. 7 Moreover, the main structure of the assay easily allows for the inclusion of other targets. The results demonstrate that the qPCR MUT real-time assay in this study is 50-to 100-fold more sensitive than the sequencing strategy. Extensive analysis of both diluted patient samples as well as plasmid mixtures containing variable concentrations of mutated plasmids confirmed a reproducible sensitivity of 0.1-1%. Moreover, we demonstrate by monitoring sequential patient samples that the assay is capable of detecting mutated clones earlier than by sequencing. Assays of similar sensitivity for detection of imatinib resistanceassociated mutations have been described before. 6, 14, 17, 18 Using the ARMS principle, however, mutation-specific assays can be designed for every available template independent of restriction sites. In addition, the assay consists of one PCR step reducing the risk for contamination, and it works on the widely used Taqman platform in parallel with BCR-ABL quantification. However, more than 30 different mutations have been described in association with imatinib resistance. A targeted screening for all these mutations could be difficult to perform. Mutational analysis, as described here, should therefore be aimed at the sensitive detection of key residues associated with imatinib resistance and quantitative monitoring of known mutated clones. Future directions as combination therapy and use of new generation tyrosine kinase inhibitors 19 may reduce the number of mutations causing resistance and then targeted detection will certainly replace techniques like sequencing or D-HPLC. Mutations in the ATP binding region have been clearly associated with resistance to imatinib. [3] [4] [5] 20 However, recent reports point out that mutated clones can be present without being selected upon imatinib treatment. 21 Taking advantage of our quantitative approach for mutational monitoring, we show that the presented mutations actually induce an increase in tumour burden, which terminally leads to disease relapse. In one case of an M351T mutation, dose escalation led to a decline in tumour burden (Figure 1e ). This observation is consistent with preclinical data, which demonstrate that an M351T-mutated clone could be overcome by dose increase. 22 Since quantitative monitoring of BCR-ABL mutations has not been commonly used, there are little data on the development of mutated clones after cessation of imatinib. Discontinuation of imatinib was reported to result in a spontaneous reversion from BC to CP in two case descriptions. [22] [23] [24] Mutational analysis was carried out in one of these patients, and demonstrated a significant reduction of a Y253H mutation after withdrawal of imatinib. The mechanism behind the observed drop of mutated BCR-ABL upon imatinib interruption might be based on a suppression of the mutated clone by the reapparent wild type. 25 These cases are of importance for the clinical management of PLoop-mutated and imatinib-resistant patients. 4 The interaction between wild-type and mutated clone could be exploited as a therapeutic option. In this respect, our quantitative measurements of a G250E clone dropping almost 2 log factors during the period of withdrawal at two occasions are highly consistent with the above presented mechanism of a direct interaction between mutated and unmutated BCR-ABL clones. Surprisingly, we find that busulphane treatment maintains the imatinib-selected G250E clone on a high level after cessation of imatinib. And, furthermore, after a treatment pause, the reinitiated busulphane drug is even able to select for the G250E clone (Figure 1c) . In light of this observation, we want to stress that a recently published study 26 presented clinical data on patients with imatinib-resistant, P-Loop-mutated BCR-ABL. Six of the eight patients die, but most of them progress after a latency of 8-12 months after withdrawal of imatinib. The majority of the patients were, during this period, according to the authors, treated with hydroxyurea. When considering our observation of increased proliferate capacity of P-Loop clones during treatment with busulphane, it seems hydroxyurea might have a similar impact on the mutated clones.
In summary, we present data showing that qPCR MUT might produce significant information that can both be useful for as well in monitoring as in treatment guidance of CML and ALL patients under treatment with imatinib. In particular, the quantitative aspect of the assay seems to be highly relevant for monitoring patients exhibiting treatment resistance. Our data imply that mutant clones are the actual cause for disease relapse, and that resistance might be overcome by dose increase for M351T or treatment discontinuation for P-Loop mutations. According to our observations also nontargeted treatment like busulphane might lead to a proliferation of P-Loop-mutated BCR-ABL clones. If confirmed in larger sample groups, data based on quantitative monitoring of mutated clones could be used to optimise the treatment of imatinib-resistant patients. Further studies on the clinical relevance of sensitive detection and quantification of mutated clones are underway as the method has been implemented as part of several therapy programs for CML.
